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I. Introduction 
I 
I 

1 their promise of riches have been a constant challenge to the scientist, the en- 
gineer, the entrepreneur and, indeed, the entire petroleum industry. The shortage 
of oil during World War I provided a stimulus for investors to try to bring this 
resource to the point of commercial utilization. By the early 1920's ownership of 
the land had been complicated by the terms of the Mineral Leasing Act of 1920, which 
changed the method by which the lands could be alienated. 
indication that the processes then under consideration were technically or econom- I ically attractive, and the establishment of an oil shale industry did not occur at 
that time. Subsequently, the discoveries of very large, low cost reserves of oil in I East Texas delayed the possible development of the resource for many years. 

The immense size of the oil shale deposits of Colorado, Utah, and Wyoming with 

In addition there was no 
I 

Legal problems associated with title to the lands have been an integral part 
of the history of the oil shale deposits. Concern over the disputes about ownership 
led to the withdrawal of the lands in 1930 for oil shale leasing. The withdrawal 

t 

I has continued to the present except for three test leases which were offered in 
[ December 1968. In 1964, the Department of the Interior instituted some test cases 

against the pre-1920 claims which are still under consideration. Other actions were 
taken to test the validity of post-1920 claims and as a result, the Department of 
the Interior has made great strides in resolving the title clearance issues. Their 
resolution is indispensable to the orderly development of the resource. 

11. The Need for Synth.etics 

A s  shown in Table I, demand for energy is expected to continue to rise, as it 
1 has in the past, so that BTU consumption in the U.S. may increase about 260 percent 1 between 1968 and the year 2000. In absolute terms this is an increase in ,demand of 

1 an oil equivalent of 11.0 billion to 28.7 billion barrels per year. 
I the form of liquid fuels is expected to increase about 190 percent over this same 

period or an increase of from 4.9 billion barrels in 1968 to 9.6 billion barrels in 
2000. Most of the demand for petroleum will continue to be used in the transpor- 
tation sector (autos, trucks, buses, airplanes); this sector is dominated by liquid 
fuels which supplied over 95 percent of the energy consumed in 1968. 

These predictions were made during a time when, while there was an awareness 
that air pollution and other environmental controls could have an impact on patterns 
of energy consumption, the potential magnitude of the new environmental standards 

' could not be factored into the projections. For example, recent indications that ' leaded gasoline may no longer be an acceptable fuel have opened up new requirements 
and opportunities for meeting the demands of the transportation sector. 
gasoline can be produced using present technology but this requires a higher percent- 
age of aromatics and isoparaffins if octane ratings are to be maintained. 
any wide-spread demand for lead-free gasoline would require that the petroleum 
industry install an enormous amount of additional processing units, particularly for 
reforming and alkylation. The extra costs of lead-free gasoline have been estimated 
to be 2 cents per gallon or a total cost of 2 billion dollars a year in the U . S .  

Energy use in 

Lead-free 

To meet ! 
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The need t o  t o o l  up t o  produce modif ied d e s i g n s  of  engines  and f u e l s  could induce  
i n d u s t r y  t o  l o o k  s e r i o u s l y  a t  o t h e r  automotive power p l a n t s  such a s  gas  t u r b i n e s ,  
steam e n g i n e s ,  Nankel e n g i n e s ,  combined g a s o l i n e - n a t u r a l  gas  engines  o r  e l e c t r i c  
v e h i c l e s .  

Environmental c o n s i d e r a t i o n s  a r e  r a p i d l y  c r e a t i n g  a l a r g e  new demand f o r  a 
l o w  s u l f u r  r e s i d u a l  o i l  t o  be  used a t  e l e c t r i c  g e n e r a t i n g  s t a t i o n s  and i n d u s t r i a l  

f o r  s u l f u r  oxide emiss ions .  I n  PAD D i s t r i c t  I, where under  p r e s e n t  o i l  import reg-  
u l a t i o n s ,  u n l i m i t e d  amounts of  r e s i d u a l  o i l  impor ts  a r e  p e r m i t t e d ,  imported low 
s u l f u r  r e s i d u a l  has  a l r e a d y  r e p l a c e d  s i g n i f i c a n t  amounts o f  h i g h  s u l f u r  c o a l .  
Recent ly ,  approval  was g i v e n  f o r  i m p o r t a t i o n  of  low s u l f u r  r e s i d u a l  o i l  i n t o  Chicago. 
I f  o i l  import  r e g u l a t i o n s  a r e  changed ( s p e c i f i c  recommendations f o r  change have been 
made t o  t h e  P r e s i d e n t  by a C a b i n e t  Level  Study Group) t h i s  t r e n d  could be  g r e a t l y  
a c c e l e r a t e d .  

s t i l l  t o  come, on t o t a l  l i q u i d  f u e l  demand are s t i l l  t o o  r e c e n t  t o  permi t  modi f i -  
c a t i o n  a t  t h j s  t ime of  t h e  p r o j e c t i o n s  shown i n  Table  I. However, t h e  e f f e c t s  of 
t h e s e  and o t h e r  changes caused by t h e  e s t a b l i s h m e n t  of  f u t u r e  environmental  s t a n -  
d a r d s  w i l l  a f f e c t  t h e  p a t t e r n s  of  demand and supply.  On t h e  o t h e r  hand,  a l l  t h e  
f u e l  r e s o u r c e s  a t  our  d i s p o s a l  w i l l  have  t o  be  used i n  some form i f  t h e  tremendous 
demand f o r  energy t h a t  has  been p r e d i c t e d  a c t u a l l y  occurs .  The f u e l  forms may have 
t o  be modi f ied  t o  meet o t h e r  s t a n d a r d s  p laced  on them but  t h e  t o t a l  energy demand 
could n o t  be met i f  o i l  (or  h e a t  u n i t s  d e r i v e d  from it) were n o t  used i n  about t h e  
q u a n t i t i e s  shown i n  Table  1. 

they  can compete economica l ly  w i t h  o t h e r  energy  s o u r c e s  o r  wi th  c rude  petroleum under 
t h e  p u b l i c  p o l i c i e s  t h a t  p r e v a i l  a t  any given t ' i m e .  
e n t e r  t h e  market w i l l  o b v i o u s l y  depend on how much crude  o i l  i s  found. This  i n  t u r n  
i s  a f u n c t i o n  of t h e  o i l  impor t  program t h a t  e v e n t u a l l y  emerges, t h e  i n c e n t i v e  f o r  
investment  i n  e x p l o r a t i o n ,  and t h e  s i z e  of t h e  Alaskan d i s c o v e r y  coupled wi th  t h e  
c o s t  of  d e l i v e r i n g  t h a t  c rude  o i l  t o  markets .  A s  shown i n  F i g u r e  1, t h e  d e c l i n i n g  
r e s e r v e s  t o  product ion  r a t i o  t h a t  s t a r t e d  i n  t h e  e a r l y  1 9 6 0 ' s  i s  expec ted  t o  con- 
t i n u e  and t h i s  should p r o v i d e  an  i n c e n t i v e  f o r  t h e  o i l  i n d u s t r y  t o  look t o  o t h e r  
s o u r c e s  o f  supply.  

111. O i l  Shale  Development--Non-Technologic F a c t o r s  

' p l a n t s .  T h i s  f u e l  would r e p l a c e  c o a l  which could n o t  meet a i r  p o l l u t i o n  s tandards  

A s  p r e v i o u s l y  n o t e d ,  t h e  combined e f f e c t s  of  t h e s e  two developments o r  o t h e r s  

S y n t h e t i c s ,  whether  f rom o i l  s h a l e ,  t a r  sands o r  c o a l ,  w i l l  o n l y  be used when 

The a b i l i t y  of s y n t h e t i c s  t o  

The development o f  the o i l  s h a l e  r e s o u r c e  i s  dependent  on t h e  e x i s t e n c e  of a 
t e c h n i c a l l y  f e a s i b l e  p r o c e s s  t h a t  i s  economic under t h e  c o n d i t i o n s  p r e v a i l i n g  t h a t  
de te rmine  t h e  p r i c e  of c rude  o i l .  The major n o n - t e c h n i c a l  f a c t o r s  t h a t  a f f e c t  t h e  
p r i c e  of  c r u d e  o i l  w i t h  which s h a l e  o i l  would compete a r e  t h e  o i l  import program 
(how much can be imported and under  what c o n d i t i o n s ) ,  t h e  d e p l e t i o n  al lowance f o r  o i l ,  
s t a t e  p r o r a t i o n i n g  p r a c t i c e s ,  and F e d e r a l  l e a s i n g  p o l i c i e s  bo th  on-shore and on t h e  
Outer  C o n t i n e n t a l  S h e l f - - p a r t i c u l a r l y  new s t r i n g e n t  s a f e t y  r e g u l a t i o n s  which may 
i n c r e a s e  c o s t s .  

s h a l e  p r o c e s s i n g  becomes commercial a r e  t h e  r a t e  a t  which t h e  clouded t i t l e s  on 
m o s t  of the p u b l i c l y  owned l a n d s  can be removed, any m o d i f i c a t i o n s  o f  t h e  terms of  
t h e  Minera l  Leas ing  A c t  of 1920 under  which t h e  o i l  s h a l e  l a n d s  are l e a s e d  by t h e  
Government, which of t h e  d i f f e r e n t  b idding  procedures  t h e  Government e lects  t o  u s e ,  
and t h e  t e r m s  and p r o v i s i o n s  of  t h e  l e a s e .  C e r t a i n  t y p e s  of  s h a l e  d e p o s i t s  are 
almost  e n t i r e l y  i n  Government ownership.  I f  a technology i s  developed f o r  u s i n g  
them t h a t  i s  more economic t h a n  f o r  t h e  d e p o s i t s  i n  p r i v a t e  hands,  t h e n  t h e  Govem- 
ment would c o n t r o l  e n t i r e l y  by i t s  l e a s e  o f f e r i n g s  t h e  r a t e  and t i m e  when an o i l  
s h a l e  i n d u s t r y  would emerge. 

d e t e r  an o i l  s h a l e  development ,  t h e  l a r g e  c a p i t a l  requi rements  t o  a t t a i n  economies 
of scale w i l l  l i m i t  t h e  number of p o s s i b l e  p a r t i c i p a n t s  i n  t h e  i n d u s t r y ,  and t h e  
i n s t i t u t i o n a l  p r a c t i c e s  of t h e  o i l  i n d u s t r y  w i l l  make i t  d i f f i c u l t  f o r  t h o s e  n o t  

Other  impor tan t  f a c t o r s  t h a t  w i l l  a f f e c t  t h e  t i m i n g  and t h e  ra te  a t  which o i l  

In a d d i t i o n ,  a c t i o n s  t a k e n  by s t a t e  and l o c a l  governments could  e i t h e r  h e l p  o r  

1 
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a l r e a d y  i n  t h e  o i l  b u s i n e s s  t o  e n t e r  an o i l  s h a l e  i n d u s t r y .  Moreover, t h e  r e l a t i v e  
c o s t s ,  a s  w e l l  a s  o t h e r  f a c t o r s ,  of  producing s y n t h e t i c s  from o i l  s h a l e  compared t o  ' 

" c o a l  w i l l  a l s o  be of importance i n  de te rmining  t h e  o n s e t  of  an o i l  s h a l e  i n d u s t r y .  

I V .  S t a t u s  of  O i l  Sha le  Technology 
I 

There a r e  b a s i c a l l y  two ways t o  produce a c rude  s h a l e  o i l  from o i l  s h a l e .  I n  
, t h e  f i r s t ,  t h e  o i l  s h a l e  i s  mined and then  r e t o r t e d  where, by t h e  a p p l i c a t i o n  of h e a t ,  

t h e  c rude  s h a l e  o i l  i s  d i s t i l l e d  from t h e  o i l  s h a l e .  In  t h e  second,  w e l l s  are d r i l l e d  
from t h e  s u r f a c e  t o  t h e  o i l  s h a l e  d e p o s i t ,  t h e  p e r m e a b i l i t y  of t h e  o i l  s h a l e  i s  i n -  
c reased  by some method, and t h e  s h a l e  o i l  d i s t i l l e d  from t h e  d e p o s i t  by an  i n  s i t u  
a p p l i c a t i o n  o f  h e a t .  

, 
1 .  Mining 

Underground mining,  u s i n g  t h e  room and p i l l a r  method, was e x t e n s i v e l y  i n v e s t i -  I gated  by t h e  Bureau of Mines and Union O i l  Company d u r i n g  t h e  1950's  and by t h e  Colony , Group i n  t h e  1960 ' s .  
' t h e  7O-foot t h i c k  r ichMahognanyledge  d e p o s i t  which i s  found i n  many p a r t s  of t h e  

These experiments  c o n c e n t r a t e d  on developing  methods t o  e x t r a c t  

Piceance Basin i n  Colorado.  F e a s i b l e  methods f o r  underground mining have been demon- 
s t r a t e d  a l though t h e r e  a r e  s t i l l  p o t e n t i a l s  f o r  f u r t h e r  c o s t  r e d u c t i o n .  

Open p i t  mining of  o i l  s h a l e  should p r e s e n t  no problems t h a t  have n o t  been ' solved i n  mining f o r  o t h e r  m i n e r a l  r e s o u r c e s  by t h i s  method. However, t h e r e  has  
, been no exper imenta l  t e s t i n g  of  open p i t  mining i n  t h e  o i l  s h a l e  r e s o u r c e .  The c o s t s  
I a s s o c i a t e d  w i t h  t h i s  method of mining w i l l  depend on t h e  t h i c k n e s s  and grade of s h a l e  , and on the g e o l o g i c  c o n d i t i o n s - - t h e  t h i c k n e s s  of  t h e  overburden and i t s  p h y s i c a l  

c h a r a c t e r i s t i c s .  It h a s  been sugges ted  t h a t  a p p r e c i a b l y  lower c o s t s  than  t h o s e  
a s s o c i a t e d  w i t h  underground mining o p e r a t i o n s  can be a n t i c i p a t e d  i n  l o c a t i o n s  where 
a r i c h  d e p o s i t  of  s h a l e  o u t c r o p s  t o  t h e  s u r f a c e .  I n  such a c a s e ,  t h e r e  would be 
l i t t l e  investment  r e q u i r e d  b e f o r e  commercial amounts of s h a l e  could  be  e x t r a c t e d  and 
used and c o s t s  should be  low. 

2 .  R e t o r t i n g  

I n  t h e  r e t o r t i n g  of  mined s h a l e  a l a r g e  number of p r o c e s s e s  have been proposed,  1' but  in t h e  l a s t  decade only  t h r e e  have been t e s t e d  e x t e n s i v e l y  enough t o  be con- 

I The Bureau of Mines and Union O i l  Company r e t o r t s ,  bo th  of  which a r e  i n t e r n a l -  

s i d e r e d  f o r  commercial development a t  t h i s  t i m e .  These a r e  t h e  Bureau of  Mines gas  
combustion r e t o r t ,  t h e  Union O i l  Company r e t o r t  and O i l  Shale  Corp. ,  (TOSCO) process .  

combustion t y p e s ,  a r e  based on s imi la r  p r o c e s s  p r i n c i p l e s  wi th  t h e  major  d i f f e r e n c e  
b e i n g  t h e  d i r e c t i o n  of f low of t h e  s h a l e  and a i r .  The TOSCO p r o c e s s  c o n s i s t s  of a 
r e t o r t i n g  k i l n  i n  which f i n e l y  c rushed  o i l  s h a l e  i s  h e a t e d  t o  r e t o r t i n g  tempera ture  
by h e a t  exchange w i t h  h o t  ceramic b a l l s  h e a t e d  i n  a n o t h e r  v e s s e l .  I t  i s  claimed t h a t  
more s h a l e  o i l  i s  recovered  p e r  t o n  of  o i l  s h a l e  t r e a t e d  and tha t  t h e  s h a l e  o i l  i s  
of b e t t e r  q u a l i t y  than  t h a t  produced i n  t h e  r e t o r t s  u s i n g  d i r e c t  h e a t i n g  and a l a r g e r  
s i z e d  o i l  s h a l e  f e e d .  However, t h e  economics of t h e  product ion  of  s h a l e  o i l  e s t i -  1 mated i n  t h i s  paper  a r e  based on r e s u l t s  ob ta ined  i n  t h e  Bureau of  Mines gas  com- 
b u s t i o n  r e t o r t  s i n c e  i n s u f f i c i e n t  p u b l i s h e d  d a t a  were a v a i l a b l e  f o r  t h e  o t h e r  two 
p r o c e s s e s  t o  make e n g i n e e r i n g  estimates of c o s t s  o f  s h a l e  o i l  produced by them. 

I 

3 .  In S i t u  R e t o r t i n g  

I n  s i t u  r e t o r t i n g  of  s h a l e  u s i n g  non-nuclear  t e c h n i q u e s  f o r  i n c r e a s i n g  t h e  
'I p e r m e a b i l i t y  of  t h e  o i l  s h a l e  has  been t e s t e d  by s e v e r a l  companies and by t h e  Bureau 

of Mines. Methods used i n  r e c e n t  exper iments  by t h e  Bureau of Mines t o  i n c r e a s e  t h e  
p e r m e a b i l i t y  of t h e  o i l  s h a l e  i n c l u d e d  e l e c t r o l i n k i n g ,  h y d r a u l i c  f r a c t u r i n g  and 

1 e x p l o s i v e  f r a c t u r i n g .  E l e c t r o l i n k i n g  fol lowed by h y d r a u l i c  f r a c t u r i n g  d i d  n o t  i n -  
c r e a s e  p e r m e a b i l i t y  a p p r e c i a b l y .  Explos ive  f r a c t u r i n g  f o l l o w i n g  h y d r a u l i c  f r a c t u r i n g  

\ 
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improved t h e  p e r m e a b i l i t y  by a f a c t o r  of 5 .  I n  a s e r i e s  of f i e l d  t e s t s ,  11 new w e l l s  
were d r i l l e d  i n  an a r e a  where 4 p r e v i o u s  w e l l s  had been d r i l l e d .  i'h? c e n t e r  well was 
i g n i t e d  i n  an a t tempt  t o  r e t o r t  a 20- foot  t h i c k  (22 g a l l o n s  p e r  t o n )  s e c t i o n  of t h e  
o i l  s h a l e  l o c a t e d  68 t o  88  f e e t  below t h e  s u r f a c e .  A f t e r  s i x  weeks of o p e r a t i o n ,  t h e  
p r o c e s s  produced 190 b a r r e l s  of a medium v i s c o s i t y  10x9 pour p o i n t  s h a l e  o i l .  Ls!.~.r 
t e s t s  of t h e  d e p o s i t  i n d i c a t e d  t h a t  on ly  a 5- foot  s e c t i o n  of t h e  2G-foot sha1.e bed 
had been r e t o r t e d .  Although t h e r e  remain s e v e r a l  impor tan t  unsolved.problerns ,  such 
as b e t t e r  u t i l i z a t i o n  o f  t h e  s h a l e ,  improved c o n t r o l  of t h e  combustion f r o n t ,  and t h e  
u s e  o f  wider  spaced w e l l s  w i t h  r e a s o n a b l e  p r e s s u r e  drop ,  t h e s e  i n  s i t u  t e s t s  have 
demonstrated a much h i g h e r  d e g r e e  of t e c h n i c a l  f e a s i b i l i t y  f o r  t h e  p r o c e s s  than had 
p r e v i o u s l y  been demonst ra ted .  

w i t h  broken o i l  s h a l e  which c o u l d  then  be r e t o r t e d  i n  p l a c e ,  has  been under  s e r i o u s  
c o n s i d e r a t i o n  f o r  over  10 y e a r s  i n  a program t o  be sponsored j o i n t l y  by i n d u s t r y  and 
Government. 

E x t e n s i v e  p r e l i m i n a r y  e n g i n e e r i n g  s t u d i e s  have been made t o  estimate (1) t h e  
s i z e  of  t h e  chimney from a g i v e n  s i z e d  d e v i c e  d e t o n a t e d  i n  o i l  s h a l e ,  (2)  t h e  s i z e  
d i s t r i b u t i o n  of  t h e  broken s h a l e ,  and (3) t h e  amount of s h a l e  o i l  t h a t  would be  r e -  
covered from a s i n g l e  chimney. 

broken rock  c o n t a i n i n g  t h e  wide s i z e  d i s t r i b u t i o n  t h a t  might resu1.t i n  a n u c l e a r  made 
chimney, a 175-ton r e t o r t  w a s  c o n s t r u c t e d  t o  s i m u l a t e  t h o s e  c o n d i t i o n s .  The r e to r t  
was f i l l e d  w i t h  o i l  s h a l e  r a n g i n g  i n  s i z e  from f i n e s  t o  one l a r g e  p i e c e  weighing 
7500 pounds. I n  a s i n g l e  24-day experiment ,  an o i l  y i e l d  of  approximate ly  60% of  t h e  
F i s c h e r  a s s a y  was o b t a i n e d .  Operat ion of  t h e  r e t o r t  was  smooth w i t h  uniform temp- 
e r a t u r e  d i s t r i b u t i o n  a c r o s s  t h e  bed and wi th  low p r e s s u r e  d r o p .  The c h a r a c t e r i s t i c s  
of  t h e  s h a l e  o i l  were a l i t t l e  b e t t e r  than  t h o s e  o b t a i n e d  from above-ground r e t o r t i n g  
i n  t h e  gas  combustion r e t o r t  having a somewhat lower pour p o i n t  and v i s c o s i t y  and a 
lower n i t r o g e n  c o n t e n t .  

A d d i t i o n a l  t e s t s  w i l l  be r e q u i r e d  t o  f i r m  up  what was l e a r n e d  i n  t h i s  s i n g l e  
experiment  b u t  t h e r e  is  e v e r y  i n d i c a t i o n  t h a t  h i g h e r  r e c o v e r i e s  and b e t t e r  q u a l i t y  
of product  can be produced when t h e  optimum o p e r a t i n g  c o n d i t i o n s  a r e  e s t a b l i s h e d .  

V .  The Economics of t h e  O i l  Shale  Product ion  

The u s e  of a n u c l e a r  d e v i c e ,  exploded underground t o  c r e a t e  a chimney f i l l e d  

To determine t h e  amount o f  s h a l e  o i l  t h a t  could be recovered from a mass of 

I n  t h e  Department o f  t h e  I n t e r i o r  r e p o r t  on o i l  s h a l e  i s s u e d  i n  May 1968, L/ 
s h a l e  o i l  p roduct ion  w a s  e s t i m a t e d  f o r  5 d i f f e r e n t  mining systems each u s i n g  (1) a 
45- foot  d iameter  r e t o r t ,  ( 2 )  a 60- foot  d iameter  r e t o r t ,  and (3) a second g e n e r a t i o n  
r e t o r t  u s i n g  improved technology.  The c a p i t a l  inves tment ,  annual  o p e r a t i n g  c o s t s  
and c o s t  p e r  b a r r e l  f o r  e a c h  of t h e s e  15 c o n d i t i o n s  a r e  shown on Table  2 .  

r e s o u r c e  t h e  c o s t  p e r  b a r r e l  ( a f t e r  a 61 c e n t s  c r e d i t  f o r  by-products)  i s  shown i n  
F i g u r e  2 f o r  6 sets  of c o n d i t i o n s .  The two p l a n t s  f o r  1972 were i d e n t i c a l  except  
f o r  o i l  s h a l e  q u a l i t y .  I n c r e a s i n g  t h e  q u a l i t y  of t h a t  s h a l e  from 30 t o  42  g a l l o n s  
p e r  t o n  decreased  c o s t s  72 c e n t s  p e r  b a r r e l .  The 1976 c a s e ,  i n  a d d i t i o n  t o  u s i n g  a 
l a r g e r  d i a m e t e r  r e t o r t  t h a n  was used f o r  t h e  1972 c a s e ,  compared t h e  e f f e c t  of open 
p i t  t o  room and p i l l a r  mining.  It a l s o  t e s t e d  t h e  e f f e c t  of  i n c r e a s i n g  p l a n t  s i z e  
by f o u r  f o l d .  A n  i n c r e a s e  from 62,000 t o  250,000 b a r r e l s  p e r  day d e c r e a s e d  c o s t s  
27 c e n t s  p e r  b a r r e l .  

a f f e c t  t h e  economics have o c c u r r e d .  These are (1) t h e  by-product  c r e d i t  of  6 1  c e n t s  
p e r  b a r r e l -  i s  b e l i e v e d  t o  b e  t o o  high and a more realistic v a l u e  i s  probably  41 c e n t s  
p e r  b a r r e l  f o r  a l l  c a s e s  e x c e p t  t h e  second g e n e r a t i o n  p l a n t  where 7 7  c e n t s  i s  used 
i n  t h e s e  new c a l c u l a t i o n s ,  (2)  c a p i t a l  and o p e r a t i n g  c o s t s  o f  new p l a n t s  have 

Using a 1 2  p e r c e n t  d i s c o u n t e d  c a s h  f low and w i t h  no v a l u e  ass igned  t o  t h e  s h a l e  

S ince  t h e s e  c a l c u l a t i o n s  were made, f o u r  impor tan t  f a c t o r s  t h a t  s i g n i f i c a n t l y  

- I/ P r o s p e c t s  f o r  O i l  Sha le  Development--Colorado, Utah,  and Wyoming, Department of 
t h e  I n t e r i o r ,  May 1968 
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i nc reased  s i g n i f i c a n t l y  over t h e  1966 c o s t s  used i n  t h e  e a r l i e r  r e p o r t ,  (3) t h e  p o i n t  
a t  which the  d e p l e t i o n  allowance i s  a p p l i e d  h a s  been changed by law from 15 percen t  
on t h e  o i l  sha l e  t o  15 pe rcen t  on t h e  c rude  s h a l e  o i l ,  and ( 4 )  t h e  v a l u e  of t h e  semi- 
r e f i n e d  s h a l e  o i l  i n  Colorado has  inc reased  about 25 c e n t s  pe r  b a r r e l .  

Table 3 compares t h e  1966 and 1969 c o n d i t i o n s  f o r  fou r  d i f f e r e n t  types  of 
r e t o r t s  and mining systems. C a p i t a l  investment c o s t s  i nc reased  about  10 pe rcen t  
du r ing  t h i s  pe r iod .  Annual o p e r a t i n g  c o s t s  i nc reased  from a low of 1 3  percen t  f o r  
t h e  improved f i r s t  gene ra t ion  r e t o r t  and improved room and p i l l a r  mining system (case  
3)  t o  a high of 25 percen t  f o r  t h e  f i r s t  gene ra t ion  r e t o r t  w i t h  conven t iona l  room and 
p i l l a r  mining (case  1) 

The decreased  va lue  a s s igned  t o  by-product c r e d i t s  of 41 c e n t s  i n  t h e  1969 
s tudy  compared t o  61 c e n t s  ass igned  i n  1966 was more than  balanced by t h e  inc reased  
va lue  of t h e  semi- ref ined  c rude  o i l  i n  Colorado. The n e t  market v a l u e  of t h e  prod- 
u c t s  r e s u l t e d  i n  an i n c r e a s e  of 5 c e n t s  p e r  b a r r e l  t o  $3.74 .  On t h e  o t h e r  hand, even 
a f t e r  t h e  t a x  b e n e f i t s  t h a t  acc rue  from changing t h e  p o i n t  a t  which t h e  d e p l e t i o n  
allowance may be c r e d i t e d ,  and t h i s  i s  approximate ly  10 c e n t s  p e r  b a r r e l ,  t h e  i n -  
c r eased  c a p i t a l  and o p e r a t i n g  c o s t s  r a i s e d  t h e  c o s t  of producing  semi - re f ined  crude 
o i l  from a low of 1 2  c e n t s  (case  3 )  t o  a h igh  of 38 c e n t s  p e r  b a r r e l  ( case  1). A s  
a r e s u l t ,  t h e  d i scoun t  r a t e  ( a t  z e r o  r e source  v a l u e )  t h a t  equa te s  cash  flow t o  c o s t  
dropped from 13 t o  9 pe rcen t  f o r  c a s e  1 and from 22 t o  20 percen t  f o r  ca se  4 with  
in t e rmed ia t e  v a l u e s  f o r  c a s e s  2 and 3 .  

i n  t h e  1968 o i l  s h a l e  r e p o r t .  For  t h e  most f avorab le  c a s e ,  i . e . ,  n u c l e a r  i n  s i t u  
wi th  a 7 0  percen t  recovery  e f f i c i e n c y  of t h e  o i l  and a i r  p r e s s u r e  f o r  r e t o r t i n g  a t  
50 p . s . i . ,  c o s t s  were e s t ima ted  a t  $2.98 pe r  b a r r e l  of s h a l e  o i l .  The 1969 c o s t s  i n -  
c r eased  45 c e n t s  f o r  a t o t a l  c o s t  of $3.43  p e r  b a r r e l .  Th i s  is a l a r g e r  i n c r e a s e  
than  f o r  any of t h e  cases  shown i n  Table  3 ,  and r e s u l t s  i n  p a r t  from t h e  method by 
which t h e  d e p l e t i o n  allowance was a p p l i e d  i n  t h e  1966 e s t i m a t e .  S ince  no o i l  sha l e  
i s  mined du r ing  i n  s i t u  r e t o r t i n g  it was no t  p o s s i b l e  t o  t a k e  a 15 percen t  d e p l e t i o n  
on t h e  o i l  s h a l e .  A s  a r e s u l t ,  i t  was taken  on t h e  s h a l e  o i l .  Consequent ly ,  i n  t h e  
1969 e s t i m a t e  t h e r e  was no a d d i t i o n a l  r e d u c t i o n  a s  a r e s u l t  of t h e  change i n  deple-  
t i o n  allowance from o i l  s h a l e  t o  s h a l e  o i l .  

The 1966 e s t i m a t e  inc luded  c o s t s  f o r  p reven t ion  of a i r  and w a t e r  p o l l u t i o n  from 
both  t h e  r e t o r t i n g  and r e f i n i n g  o p e r a t i o n s .  It a l s o  inc luded  c o s t s  f o r  purchase of 
land  and f o r  o t h e r  c o s t s  involved  i n  s t o r i n g  s p e n t  s h a l e  i n  a manner which would p re -  
ven t  air  p o l l u t i o n  from t h e  d r i e d  spent  s h a l e  and water  p o l l u t i o n  from t h e  l each ing  
of t h e  spent  s h a l e .  However, t h e  c o s t s  d i d  n o t  i nvo lve  r e p l a c i n g  as much of t h e  spent  
s h a l e  a s  p o s s i b l e  i n  e i t h e r  underground o r  open p i t  mines.  While such  c o s t s  w i l l  
va ry  wide ly  from l e a s e  t o  l e a s e  depending on o t h e r  f a c t o r s  t h a t  de te rmine  p l a n t  l oca -  
t i o n  w i t h  r e s p e c t  t o  t h e  mine (water  a v a i l a b i l i t y ,  a c c e s s  t o  t h e  p r o p e r t y ,  s u i t a b l e  
a r e a s  f o r  t h e  ba lance  of was te  d i s p o s a l ,  r e l a t i v e  e l e v a t i o n  of t h e  p l a n t  and mine) 
an average  va lue  of about 20 c e n t s  p e r  b a r r e l  has  been e s t ima ted  over  p rev ious  e s t i -  
mates f o r  waste d i s p o s a l .  

Another l i m i t a t i o n  of t h e s e  e s t i m a t e s  (both t h e  1966 and t h e  1969) i s  t h a t  t hey  
r e p r e s e n t  average  c o n d i t i o n s  and cannot  r e f l e c t  e i t h e r  t h e  lower o r  h i g h e r  c o s t s  t h a t  
may be a s s o c i a t e d  w i t h  geo log ic  c o n d i t i o n s  t h a t  d i f f e r  from t h e  ave rage .  A l l  new 
mining v e n t u r e s  a t tempt  t o  use  t h e  h i g h e s t  g rade  d e p o s i t s  and t h e  most f avorab le  
geo log ic  c o n d i t i o n s  f i r s t  i n  o r d e r  t o  make t h e  economics of t h e  f i r s t  p l a n t s  more 
f a v o r a b l e .  It has  been sugges ted  t h a t  i f  c o n d i t i o n s  p a r t i c u l a r l y  f a v o r a b l e  t o  open 
p i t  mining could be found f o r  t h e  t h i c k  d e p o s i t s  t h a t  c o n t a i n  good q u a l i t y  s h a l e  
t h a t  much lower c o s t s  t han  those  i n d i c a t e d  above might be a t t a i n a b l e .  Mining c a p i t a l  
and o p e r a t i n g  c o s t s  f o r  ca se  1 r e p r e s e n t  about $1.25 p e r  b a r r e l  of a t o t a l  c o s t  of 
about $4.00. Thus, m a t e r i a l  r e d u c t i o n  of t h e  mining c o s t ,  f o r  example,  by 5 0  per -  
c e n t  would have an impor tan t  and p o s s i b l y  c o n t r o l l i n g  impact on t h e  economics of 
s h a l e  o i l  p roduc t ion .  I f  t h i c k  beds of s h a l e  t h a t  outcropped a t  t h e  s u r f a c e  could 
be l o c a t e d ,  so t h a t  ve ry  sma l l  head-end c o s t s  ( r e q u i r i n g  l i t t l e  overburden t o  be 
removed) before  commercial p roduc t ion  of o i l  s h a l e  were p o s s i b l e ,  min ing  c o s t  reduc- 
t i o n s  of t h e  o r d e r  mentioned may be a t t a i n a b l e .  

I n  s i t u  r e t o r t i n g  c o s t s  f o r  1966 f o r  bo th  n u c l e a r  and conven t iona l  were shown 
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As mentioned above, o t h e r  technology about which t h e  Department of t he  I n t e r i o r  
had i n s u f f i c i e n t  i n fo rma t ion  t o  make c o s t  e s t i m a t e s  s i m i l a r  t o  those  made f o r  t h e  gas  
combustion r e t o r t  t e s t e d  by t h e  Bureau of Mines might i n d i c a t e  product ion  of s h a l e  
o i l  a t  c o s t s  lower than  t h o s e  shown. The absence of commercial developments on 
privately-owned l a n d ,  combined wi th  t h e  weak b i d s  r ece ived  on t h e  t h r e e  t r a c t s  
o f f e r e d  by t h e  Department i n  December of 1968, would appear t o  i n d i c a t e  t h a t  t h i s  
o t h e r  technology i s  probably  not  much more advanced than  t h e  margina l  technology of 
t h e  g a s  combustion r e t o r t .  

F i n a l l y ,  i n  u s i n g  t h e s e  c o s t  e s t i m a t e s  i t  should  be remembered t h a t ,  wh i l e  
they  a r e  be l ieved  t o  be a c c u r a t e  wi th in  10 p e r c e n t ,  t h e r e  i s  no c e r t a i n t y  t h a t  they  
a r e  t h i s  accu ra t e .  Even a 10  pe rcen t  e r r o r  i n t r o d u c e s  a p o s s i b l e  2 40 c e n t s  per  
b a r r e l  e r r o r  which would r e p r e s e n t  a change i n  t h e  D.C.F. from 9 pe rcen t  t o  over 15 
pe rcen t  f o r  case 1. Obvious ly ,  t h e  v a r i a t i o n s  of a c o s t  eng inee r ing  e s t i m a t e  f o r  a 
non-ex i s t en t  technology might be even g r e a t e r ,  and could  make t h e  d i f f e r e n c e  between 
a ve ry  p r o f i t a b l e  o r  a v e r y  marg ina l  o p e r a t i o n .  

V I .  Conclusions 

In t h e  pas t  two y e a r s  a d d i t i o n a l  and promising in fo rma t ion  has  been developed 
wi th  r e s p e c t  t o  t h e  i n  s i t u  ( n u c l e a r  and non-nuc lea r )  r e t o r t i n g  of o i l  s h a l e .  In  
non-nuclear i n  s i t u  r e t o r t i n g ,  methods t o  i n c r e a s e  apprec i ab ly  t h e  pe rmeab i l i t y  of 
t h e  o i l  s h a l e  have been demons t r a t ed .  Also proven i n  a r e t o r t i n g  experiment were 
(1) a combustion zone can be e s t a b l i s h e d  i n  f r a c t u r i n g  o i l  s h a l e ,  ( 2 )  t h i s  zone can 
be moved through s h a l e  by a i r  i n j e c t i o n ,  (3)  p e r m e a b i l i t y  does  not  dec rease  dur ing  
r e t o r t i n g  ( a t  t h e  sha l low d e p t h s  t e s t e d ) ,  and ( 4 )  recovery  of t h e  s h a l e  o i l  p r e s e n t s  
no s p e c i a l  problems. 

In nuc lea r  i n  s i t u  r e t o r t i n g ,  t he  above-ground p rocess ing  of a s imula ted  
n u c l e a r  chimney i n d i c a t e d  t h a t  under  these  c o n d i t i o n s  good c o n t r o l  of t h e  combustion 
f r o n t  could be achieved  and t h a t  even the  l a r g e s t  p i e c e s  of o i l  s h a l e  could be r e -  
t o r t e d  s a t i s f a c t o r i l y .  No o t h e r  new exper imenta l  d a t a  have been publ i shed  du r ing  
t h e  p a s t  two years  t o  e s t a b l i s h  t h e  f e a s i b i l i t y  o f  t h e  n u c l e a r  i n  s i t u  r e t o r t i n g  
p r o c e s s .  

based on t h e  assumptions t h a t  t h e  new exper iments  performed i n  the  p a s t  two yea r s  
would be s u c c e s s f u l .  A s  a r e s u l t ,  i t  was unnecessary  t o  r e c a l c u l a t e  t h e s e  e s t i m a t e s .  
A s  a r e s u l t  of i nc reased  c a p i t a l  c o s t s  t h e  most f a v o r a b l e  i n  s i t u  case  showed an  
i n c r e a s e  of 45 c e n t s  p e r  b a r r e l  between 1966 and 1969, but remained i n  t h e  competi- 
t i v e  range wi th  above-ground r e t o r t i n g .  

The s i t u a t i o n  wi th  r e s p e c t  t o  above-ground r e t o r t i n g  i n d i c a t e s  t h a t ,  f o r  t h e  
f o u r c a s e s w h i c h  were r e c a l c u l a t e d ,  a l though a number of changes i n  t h e  assumptions 
must be made t o  r e f l e c t  1969 c o n d i t i o n s ,  s h a l e  o i l  remains marg ina l ly  compet i t ive  a s  
i t  d i d  in 1966. 
improved p r o p r i e t a r y  technology f o r  e i t h e r  mining o r  r e t o r t i n g  o r  t he  use  of a l e a s e  
wi th  ve ry  f avorab le  g e o l o g i c  c o n d i t i o n s .  
of them, a f i r s t  commercial o i l  s h a l e  p l a n t  may look  ve ry  f i n a n c i a l l y  a t t r a c t i v e .  

E a r l i e r  cos t  e s t i m a t e s  of bo th  nuc lea r  and non-nuclear i n  s i t u  r e t o r t i n g  were 

T h i s ,  however , ’does  not  c o n s i d e r  t h e  a v a i l a b i l i t y  of any g r e a t l y  

For any of t h e s e  c o n d i t i o n s ,  o r  combinations 
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Table 1 

I 

1 .  

Energy Consumption by Sector, 1968 and 2000 
Trillions of BTU 

1968 2000 - 
Residential and Commercial 13,599 21,066 

Industrial 19,348 32,594 

Transportation 15,136 36,600 

Electricity Generation 14,046 72,291 

Miscellaneous and Unaccounted for 295 

Bureau of Mines (1969) Estimate 62,424 162,551 

------ 

Estimate Made in "Energy R h D 
and National Progress" (1963) 

Estimate Made by Batelle Northwest 
(1969) 

135,000 

170,000. 

\ 
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Figure I - Trends in the reserve to production ratio 1945-1968 
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